We present a lab-on-a-chip device featuring a microfluidic dye laser, wave-guides, microfluidic componcnts and photrrdetcctors integrated on the chip. The microsystem is designed for wavelength selective absorption measuremcnts in the visiblc range on a fluidic sample, which can be preparedlmixcd on-chip. Thc laser structures, wave-guides and micro-fluidic handling system are defined in a single UV-lithography step on a 10 pm thick SU-8 layer on top of the substrate. The SU-8 structures are sealed by a Borofloat glass lid, using polymethylmethacrylate (PMMA) adhesive bonding.
INTRODUCTION
In order to facilitate efficient opt,ical analysis on lab-on-a-chip microsystems [l, 21, the integration of optical transducers is a key issue [3] . In addition to the benefits of miniaturization, the problcnis associated with optical alignment are strongly reduced, when the optical input and output transducers are integrated on the chip. In this paper we present a lab-on-a-chip dcvice with laser light sourcc and photo-detectors integrated with wave-guides and microfluidic componcnts. The microsystem is fabricated on a 100 mm p-type silicon wafer substrate with embedded photo-diodes. A cross-0-7803-8265-)3/04/$17.00 02004 IEEE. 
MICROFLUIDIC DYE LASER
The previously presented microfluidic dye lasers [6] , where a laser cavity was embedded in a micro-fluidic channel, have been further developed for narrow line, single mode operation and emission in the chip plane for direct coupling into waveguides.
The laser is based on an ethanolic solution of the laser dye Rhodamine 6G, and is optically pumped through the glass lid with a pulsed, frequency doubled Nd:YAG laser (wavelength: 532 nm, pulsewidth: 5 ns, repetition rate: 10 Hz).
The overall laser structure consists of three elements, two reflectors placed on each side of a ?r/Z phase shift element. The reflectors are formed by an array of channels in the SU-8 where the dye solution can flow, and the phase shift element is made by widening the center channel a quarter of a wavelength. Each channel wall contributes to the laser feedback via the reflection arising from the refractive index diffcrence between SU-8 ( n = 1.59) and the ethanolic dye solution (n = 1.33).
By arranging the walls so as to create constructive interference of the reflected light at a desired wavelength, the reflection hack into the cavity becomes large for specific frequencies. Single mode lasing can be obtained, even though the cavity supports rnultiple frequencies since lasing begins at only one mode, and thereby clamps the roundtrip gain.
In our design, we have formed the laser in the 10 pm high SU-8 layer by making 41 channels about 20 pm wide and 1 imn long. The walls between the channels are Laser 1 Mixer / Photodiodes Waveguides Cuvette The output from the laser, coupled into waveguides, exhibits a narrow peak near 573 nm (unresolved by the spectrometer). Figure 4 shows the spectrum for a typical laser at 50 mW average pump power. The power was nieasiired with a calibrated diode to be more than 3.5 nW couplcd into each waveguide, enough for efficient detection. The lasers exhibited lasing already at 1 mW pump power. Scattered pump light from the frequency doubled Nd:YAG laser at 532 nrn amounts to less than 4% of the waveguide coupled light. 
WAVEGUIDES
The emitted dye lascr light is coupled directly into five 30 bm wide, 10 pm high SU-8 waveguides, arid guided to the microfluidic channel network. Integration of fluidic channel8 and polymer waveguides has been presented elsewhere [7] . The fraction of light transmitted across the fluidic channel is collected by waveguides that are connected to integrated photodiodes for detection. The five waveguides for collection of the laser light are placed with a center-to-ccnter spacing of 80 pm and thereby span a rcgion of 350 pm at the position of the dye lascr. Bends w e incorporated in the wavcguides in order to achieve a 1.0 mm spacing between the detection points along the fluidic channcl (cuvette), see It was not necessary to use a waveguide heamsplitter for multiple point detection. because the laser emits in a relatively large area. This is advantageous in terms of transmitted optical power, since beam-splitting, and thus division of the light intensity, is avoided. The distance between the exit of the dve laser and the . . 
MICROFLUIDIC MIXER AND CU-VETTE
The microfluidic channels consist of a diffusion mixer and a channel for absorbance detection, see Fig. 2 .
This simple network allows a reaction of two reagents and detection of the product at multiple points. The dimensions of the channels are chosen so that the fluidic resistance before the mixer is larger than in the rest of the network, in order to be able to control the mixing. The inlet channels to the niixer have a width of 50 pm and a length of 8.0 mm, while the mixing channel is 100 pm wide and 5.7 mm long. The dctection channel has a width of 500 pm and a length of 6.5 mm. An absorbance length of 500 pm was chosen, based on previous experience [7], in order to secure a reasonable signal-to-noise ratio of the detection.
PHOTODIODES
The photodiodes on the chip are vertical junction photodiodes (see Fig. 1 ) using a p-type substrate. The active area was 50 W m by 2 mm (see Fig. 2 ) , in order to achieve an efficient coupling of light from the waveguides to the photodiodes. Leaky wave coupling was preferred over end-fire coupling IS] due to the much easier processing of leaky wave couplers 191. The photoactive junction was realized with a n+ phosphorous doping. Highly n++ doped contact areas were also made to allow for ohmic contacts. To prevent surface inversion due to boron segregation, boron doping was performed on the front surface where there were no phosphorous dopings. To facilitate ohmic contact to the back side of the wafer a heavy boron doping was performed over the whole wafer surface. The photodiodes were coated with a hydrogenated silicon nitride coating known to effectively passivate phosphorous doped regions [lo] . The silicon nitride film was deposited by PECVD and contact holes were etched using hydrofluoric acid (111. Front side electrodes were fabricat.ed using a sandwich of titanium and aluminum.
The backside metal was aluminum. After the metal was deposited and patterned the wafers were annealed in a forming gas: 4% H2 by volume in Nz at 400 "C.
PACKAGING
The chip was mounted in a polycarbonate sample holder with electrical and fluidic connections, as shown on Fig. 5 .
The fluidic coniiections are sealed by O-rings, and teflon tubes were connected to the sample holder by LEE MINSTAC fittings. Spring loaded probes from Harwin, were used to make pressed contacts to the connector pads on the chip. A window in the polycarbonate lid gives optical pumping access to the micro-fluidic dye laser.
RESULTS
The emission from the dye laser was measured using a spectrometer with a 0.5 nm FWHM response. The quantum efficiency of the photo-diodes was measured to values above 80%. Furthermore, they show a noise equivalent power (NEP) < 1 pW, when operated in short-circuit mode for low noise performance. This enables a S," ratio on the order of 5000 for the integrated optical system on the chip. A measurement of the open circuit diode response from a single dye laser pulse is shown in Fig. 6 .
